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PHYSICAL SCIENCES LABORATORIES
The Aerospace Corporation functions as an "architect-engineer" for national security programs, specializing in advanced military space systems. The Corporation's Physical Sciences Laboratories support the effective and timely development and operation of national security systems through scientific research and the application of advanced technology. Vital to the success of the Corporation is the technical staffs wide-ranging expertise and its ability to stay abreast of new technological developments and program support issues associated with rapidly evolving space systems. Contributing capabilities are provided by these individual organizations:
Electronics and Photonics Laboratory: Microelectronics. VLSI reliability, failure analysis, solid-state device physics, compound semiconductors, radiation effects, infrared and CCD detector devices, data storage and display technologies; lasers and electro-optics, solid-state laser design, micro-optics, optical communications, and fiberoptic sensors: atomic frequency standards, applied laser spectroscopy, laser chemistry, atmospheric propagation and beam control, LIDAR/LADAR remote sensing; solar cell and array testing and evaluation, battery electrochemistry, battery testing and evaluation.
Space Materials Laboratory: Evaluation and characterizations of new materials and processing techniques: metals, alloys, ceramics, polymers, thin films, and composites; development of advanced deposition processes; nondestructive evaluation, component failure analysis and reliability: structural mechanics, fracture mechanics, and stress corrosion; analysis and evaluation of materials at cryogenic and elevated temperatures: launch vehicle fluid mechanics, heat transfer and flight dynamics; aerothermodynamics; chemical and electric propulsion: environmental chemistry; combustion processes; space environment effects on materials, hardening and vulnerability assessment; contamination, thermal and structural control: lubrication and surface phenomena.
Microelectromechanical systems (MEMS) for space applications; laser micromachining; laser-surface physical and chemical interactions; micropropulsion; micro-and nanosatellite mission analysis: intelligent microinstruments for monitoring space and launch system environments.
Space Science Applications Laboratory: Magnetospheric, auroral and cosmic-ray physics, wave-particle interactions, magnetospheric plasma waves: atmospheric and ionospheric physics, density and composition of the upper atmosphere, remote sensing using atmospheric radiation; solar physics, infrared astronomy, infrared signature analysis; infrared surveillance, imaging and remote sensing: multispectral and hyperspectral sensor development; data analysis and algorithm development; applications of multispectral and hyperspectral imagery to defense, civil space, commercial, and environmental missions; effects of solar activity, magnetic storms and nuclear explosions on the Earth's atmosphere, ionosphere and magnetosphere; effects of electromagnetic and particulate radiations on space systems; space instrumentation, design, fabrication and test; environmental chemistry, trace detection: atmospheric chemical reactions, atmospheric optics, light scattering, state-specific chemical reactions, and radiative signatures of missile plumes.
Introduction
Silicon carbide (SiC) mechanical test specimens were included on the second Optical and Reflector Materials Experiment (ORMatE II), which was part of the seventh Materials on the International Space Station (MISSE-7) flight experiment. MISSE provides experimenters with low-cost access to low-Earth orbit (LEO) for studies of the effect of LEO exposure on materials. ORMatE is focused on materials for space-based optical systems. SiC has been used in such systems as an optical substrate and optical bench. Recent notable use of SiC includes the 3.5-m primary parabolic mirror of the Herschel space telescope [1 ] . The MISSE results are part of a larger effort to develop a space qualification for the introduction of new materials in spacecraft optical systems, especially brittle materials such as ceramics [2-4].
There are different ways to make SiC that lead to different final compositions with different material properties. In reaction-bonded SiC, a green body of SiC particles is slip cast, then infiltrated with liquid silicon to form a siliconized SiC composite. In graphite conversion SiC, a graphite form is reacted with a gaseous Si species to form SiC, which retains the porosity of the graphite or can be infiltrated with liquid silicon. Other forms of SiC that are closer in composition to single-phase include sintered or vacuum hot-pressed, which may also contain sintering aids, and vapor-deposited SiC, which is single-phase. While all of these varieties are considered SiC, their properties reflect their composition. In addition, as a brittle material, the mechanical properties of SiC will be controlled by the size and distribution of intrinsic flaws. This, in turn, will be a function of manufacturing, so even the same type of SiC may have different strengths according to processing conditions. Previous research has shown that the mechanical [5] , physical [6] , and electronic [7] properties of SiC may be altered by radiation in the form of high-energy neutrons more typical of a nuclear reactor than LEO. The effect of atomic oxygen on the optical properties of polished SiC in a simulated LEO environment showed that oxidation of SiC, especially at pre-existing microcracks, degraded the reflectance of the material [8] . This latter study did not explore the possible degradation of the strength of the SiC due to oxidation of SiC to SiOx, but if features such as these microcracks are altered by the space environment, it can be surmised that LEO exposure could degrade the strength of SiC. The relative amounts of free silicon in SiC may also contribute to changes in strength as Si is exposed to atomic oxygen in LEO.
The SiC mechanical test specimens on the MISSE experiments were intended to determine whether LEO would degrade SiC's mechanical strength. 
Materials and Methods
Samples placed on the ORMatE-II section of MISSE-7 were prepared as MOR rectangular beams and EFS circular disks. Exact Sample preparation and testing were conducted in accord with ASTM standards ASTM C 1161 [11] and ASTM C 1499 [12] . All specimens from Vendor 1 materials were machined at Bomas Specialty Machining, Somerville, Mass. Vendor 2 supplied biaxial disks already prepared, and MOR bars were prepared by Bomas. 
in which P is the load at failure, L is the outer span length (40 mm), b is the specimen width (4 mm), and d is the specimen thickness (3 mm).
EFS was calculated using the following formula [12] : 
Results and Analysis
A common approach to interpreting the strength of brittle materials is the two-parameter Weibull distribution [14, 15] :
In Eq. (3), F is the probability of failure at a given stress ö, and o e and m are the Weibull characteristic strength (scale factor) and Weibull modulus (shape factor), respectively. This model is based on a weakest-link theory of fracture that is consistent with the strength of a brittle material based on a random distribution of flaws placed under tensile stress. The natural logarithm of Eq. (3) can be taken twice to allow the Weibull distribution to be plotted in a linear trend according to:
In a Weibull plot, the values of F associated with each test result o, in a sample containing n results are assumed to be regularly spaced using median rank assignment F = -L This is a convenient
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way to visualize a dataset in a Weibull plot, but it is not the appropriate way to calculate the Weibull parameters when evaluating the strength of brittle materials [16] . The Maximum Likelihood Estimate (MLE) recommended in ASTM C 1239 can be used to calculate the Weibull parameters in Eq. (3) without resorting to assuming the failure probability inherent to the median rank method, which is necessary to plot the data according to Eq. (4) or to calculate the Weibull parameters by linear regression of Eq. (4).
Modulus of Rupture Results
Weibull plots for MOR results from Vendors 1 and 2 are given in Figures 2 and 3 Description of statistical methods and tests is given in the Appendix. Testing whether these Weibull distributions are statistically different was performed using the Likelihood Ratio test. This test showed no statistically significant differences when comparing the flight and traveler data or the flight, traveler, and source material in separate tests.
The conclusion to these tests is that the inclusion of the material on MISSE and exposure to the LEO environment did not affect the material properties of the sintered SiC. As seen in Figure 3 , however, the outliers were found only in specimens included in MISSE, whether in flight or traveler specimens. The conclusion would thus be strengthened if the material conditions leading to the low-strength results or their cause could be determined. Limited fractography was performed on the Vendor 2 specimens to understand the nature of the fracture surface and to specifically look for anomalous conditions in the low-strength samples. The fracture surfaces showed two types of flaws related to manufacturing processes. For proprietary reasons the nature of these flaws is not discussed in this report, but one type of large flaw was found that could be considered anomalous but intrinsic to the material. Low-strength test results occurred where these larger flaws happened to be on or near the tensile surface of the specimen. Additional material and testing would be needed to generate a statistically meaningful number of low-strength tests to fully characterize the mechanical properties.
Nevertheless, these flaws are likely not due to the MISSE experiment and, in particular, not due to the LEO environment. Flaws of a similar origin, albeit of much smaller size, are likely the population responsible for the Weibull-type behavior shown in Figure 3 . LEO exposure did not alter these flaws to the extent of changing the strength of the material, so similar pores of much larger size are unlikely to have been affected by LEO. Removing the outliers in Vendor 2 data to compare the datasets does not compromise the conclusion that the MOR was not affected by LEO.
Equibiaxial Flexural Strength
The data analysis approach for the EFS data is similar to that for the MOR data. EFS specimens from When the extra disks are added to consideration, the Anderson-Darling test for three different datasets concludes that the material is from the same underlying population. Like the flight and traveler datasets, the extra disks can be fit using a single Weibull distribution, so that a Likelihood Ratio test for the three datasets can be performed. In this case, the value of T for the three datasets is 5.78, which is less than the value of the/ 2 distribution at the 0.05 level of significance for two degrees of freedom. When the extra disks are added into consideration, the conclusions from both tests are consistent with each other and point towards no change in strength due to LEO exposure. Given a similar conclusion for the MOR data, the contrary result for the single test of Vendor 2 flight and traveler results is given less weight in asserting that LEO does not affect the strength of the Vendor 2 material. 
Conclusions
The strength of brittle materials such as SiC is typically described using the presumption that strength is controlled by the size and distribution of flaws in the material. This statistical approach typically requires a relatively large number of samples to adequately model the material using the Weibull distribution. The limit on the number of specimens imposed by a space flight experiment such as MISSE means that any model of material strength will be suspect as a means of directly measuring the effect of experimental conditions on strength.
The approach to evaluating the impact of LEO on SiC described here and previously for SiC on MISSE-6 [ All results have demonstrated that LEO exposure between one and two years does not change the mechanical strength of these materials.
